Experimental confirmation has been made on a negativeresistance oscillator circuit which exhibits the new periodadding route to chaos recently reported by Kaneko on a discrete map. The nonlinear element in the circuit is a negative-resistance device synthesized by using two bipolar transistors and four positive linear resistors. This circuit exhibits a new route to chaos; namely, through period-adding where the periods of two successive periodic waveforms belonging to each period-adding sequence differ by one; i.e., from period n to n-I or n+1. The transition to chaos (after one or more periodic states) resulted directly from a loss of stability of a periodic state at a bifur cation point. Several general features of the periodic-chaotic transition sequence have been observed and presented.
INTRODUCTION
In recent years more and more studies on the chaotic pheno mena in nonlinear dynamical systems have appeared. Chaotic behavior arises primarily from the nonlinear nature of the system rather than from external stochastic fluctuations and can be described exactly by deterministic equations. Several transition sequences leading to chaos have been observed (ij in which the perioddoubling, U-sequence, intermittency and frequency-locking, etc., are well known and have been observed in several physical systems.
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In our previous studies on an RL-varactor oscillator all of the above sequences were obtained [2] [3] [4] [5] . However, the period-adding phenomena and the alternating periodic-chaotic transition sequence are relatively new discoveries and have so far been observed only from few physical systems. The period-adding phenomena were first reported by Xaneko (6) on a 1-dimensional iterated map. This new route to chaos has also been observed in 2-dimensional iterated maps and in experiments on the Belousov-Zhabotinskii reaction ("7-8], which, in its original form, is a nonlinear "distributed" system (i.e., an accurate model involves nonlinear partial differential equations). To the best of our knowledge, no "lumped" physical systems (i.e., actual systems which are realistically modelled by ordinary differential equations) exhibiting this phenomenon have so far been reported.
In this paper we will present a simple experimental circuit with a negative-resistance device that displays the period-adding phenomena through an alternating periodic-chaotic transition se quence. This circuit was investigated by applying a sinusoidal input signal to an autonomous circuit operating in dc equilibrium, i.e., the circuit does not oscillate when the input signal is set to zero.
By selecting an appropriate dc operating point on the negativeresistance v-i characteristic, we observed numerous complicated dynamical behaviors. The highest distinguishable period in the period-adding sequence reaches as high as period 21. Eased on our experiments we identify several features of this bifurcation seauence.
EXPERIMENTAL CIRCUIT
The circuit we consider is an RLC oscillator with a negativeresistance device, as shown in Fig.1(a) . Here, Vi=Ycos27Tft is the driving voltage source, V and f are the driving amplitude and frequency, respectively, and L=10mH, C=6800pF, R=51A. Here N denotes an H-type negative-resistance device f9-10j made of two bipolar transistors and four positive linear resistors, the realization of which is given in Fig.1(b) . The elements L* and E in Fig.1(a) form the dc bias circuit for Itf, where L'=20 raH in our experiment. The natural (unforced) frequency was measured as f0=lSXHs. Figure 2 shows the measured v-i characteristic of the negative-resistance device, rlote that the dynamic range of the negative slope is rather wide -in this case it is about 3.5 volts. This is one reason why we choose a synthesized C9-10) rather than intrinsic negativeresistance device. Furthermore, by selecting different parameter values for the linear resistors we can obtain different characteri stic curves. Kence, the synthesized negative-resistance device can be easily "tuned" to obtain a wide range of negative resistance characteristics [11] .
EXPERIMENTAL RESULTS
We fixed the driving frequency at f=24.19KHz, which is close to the natural frequency of the unforced circuit (when v=0) . */.re adjusted the bias voltage and choose the value E=6.134 volts such that the unforced circuit did not oscillate. By increasing V from zero to 2.50 volts, we observed a sequence of distinct states of the system as shown in table 1. Some bifurcation values of the neighboring states are also specified in this table. 4P. to 5P,. The period-adding process continues up to some relatively large number N (in our case N=21) before it bifurcates into a chaotic regime and then reverts back to a periodic waveform lPn of period 1 but with a large-amplitude oscillation.
It appears that even higher periods are present in the above experiment but we were unable to observe it so far. belongs to yet another period-adding sequence; namely, nP 1 , where n is the period number.
In comparison we show the time waveforms for several periodic states in Fig.3(a)-(f) . In Fig.3(a) and (b) are the two rev^r^o period-adding states HP5 and 9P^. In Fig.3(c) and ( Fig.6 show that the corresponding waveforms represent a deterministic chaos rather than a stochastic noise as a cursory glance of the spectrum might at first suggest.
ffote that the above experiment was carried out under the con dition that no oscillation exists when the input amplitude V=0. Much more complicated dynamical behaviors are observed when the input is applied with the circuit exhibiting a self oscillation.
By applying other values of f and 'E, we observe many additional but distinct alternating periodic-chaotic sequences but we will not describe them here due to the lack of space.
DI5CUo3I02T
The alternating periodic-chaotic bifurcation sequence and the forward period-adding phenomenon observed in our circuit also ap peared in several other systems. They all share the following common features: the successive period-adding states are related by a de finite law; namely, each period-n waveform contains one small-ampli tude oscillation and n-1 large-amplitude oscillations during each period and that their sum is equal to n. For chaotic states, some portion of the waveform contains periodic oscillations from nearby periodic states. Moreover, our circuit was found to exhibit the following additional dynamical behaviors which have not been re ported before. (1) As we increase the parameter V just beyond a small-amplitude period-1 oscillation, we observed a direct transition into chaos with no discernible intermediate states, and then followed by an onset of a reverse period-adding sequence. Further increase in V eventually leads into a distinct period-adding sequence before it bifurcates into chaos again. Immediately after chaos, we observed a large-amplitude period-1 oscillation. (2) For each periodic state in the reverse period-adding sequence there are four large-ampli tude oscillations in each period. The sum of the large-and smallamplitude oscillations is found to be equal to n-1.where n is the period number.
Note that the preceding phenomena are all observed when the unforced circuit does not oscillate. However, if we change the circuit parameters such that the unforced circuit operates as' an oscillator, then even more complicated phenomena have been observed when the input signal is applied.
Since the phenomena described in this paper have been observed in similar circuits but using different transistors,' it follows that the circuit in Fig.l is quite robust in displaying the peri odic-chaotic sequence and the period-adding phenomena. In fact, similar phenomena using a unijunction transistor as the negativeresistance device has also been observed recently. T.v*e conjecture therefore that similar as well as new phenomena could also be ob served using the numerous negative-resistance devices recently, reported in (9-12) • Finally, we remark that computer simulation of the circuit in Fig.l is presently being carried out in order to make a more detailed analysis of this circuit. Our ultimate goal is of course to develop a theory which explains the observed, phenomena. 
